Costa RR, Varanda WA, Franci CR. A calcium-induced calcium release mechanism supports luteinizing hormone-induced testosterone secretion in mouse Leydig cells.
MAMMALIAN LEYDIG CELLS secrete testosterone in response to stimulation by luteinizing hormone (LH), which acts by binding to a plasma membrane G protein-coupled receptor. This leads to the activation of adenylate cyclase and increase in cAMP concentration. cAMP has been implicated as the primary mediator of the steroidogenic process induced by LH. However, stimulation of the LH receptor also activates phospholipase C, resulting in a subsequent increase in inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (3) . Both pathways may change the cytosolic Ca 2ϩ concentration ([Ca 2ϩ ] i ) (14, 15) , essential for the steroidogenic process to take place (7, 9, 33) . While the requirement for Ca 2ϩ in the production of androgens has been well established, few studies have focused on the details of signaling by Ca 2ϩ and the Ca 2ϩ handling by Leydig cells (16, 20, 21, 34) . Calcium ions in the cytoplasm can originate from two distinct sources: 1) entry from the extracellular milieu through plasma membrane channels and 2) release from internal stores, such as the endoplasmic reticulum (ER). The two major channels responsible for the release of Ca 2ϩ from the ER are the IP 3 receptor (IP 3 R) and the ryanodine receptor (RyR). The IP 3 Rs are expressed in excitable and nonexcitable cells, releasing Ca 2ϩ after binding the second messenger IP 3 . Three different isoforms of IP 3 Rs (type I, II, and III) have been characterized (32) , each with distinct biophysical properties (5) . The second group of intracellular channels is represented by ryanodine-sensitive channels, known to be of fundamental importance in Ca 2ϩ signaling mechanisms present in excitable cells (12) . In this article we demonstrate the presence and functionality of RyRs and IP 3 Rs in Leydig cells for the first time. The extracellular medium constitutes a second source of Ca 2ϩ for the cell. The presence of both L-and T-type Ca 2ϩ channels has been demonstrated in steroid-secreting cells. Nevertheless, they have distinct functions, and T-type Ca 2ϩ channels are the ones more directly involved in the response to hormones like angiotensin (13, 23, 30) . In Leydig cells we have unequivocally shown (13) that changes induced in [Ca 2ϩ ] i by cAMP are dependent on an initial influx of Ca 2ϩ through T-type Ca 2ϩ channels. In addition, LH increased the amplitude of the peak Ca 2ϩ currents flowing through the plasma membrane of Leydig cells and caused an increase in [Ca 2ϩ ] i after a few seconds of stimulation (13 
MATERIALS AND METHODS
Cells. Swiss Webster mouse Leydig cells were isolated by infusing extracellular solution in the testicular mass of decapsulated testis, as previously described (13) . Collected cells were seeded onto poly-Llysine-coated coverslips and bathed in Hanks' solution. Leydig cells are easily discernible from contaminating cells by the presence of lipid droplets, by their shape, and by their response to LH.
All experimental protocols used in this work were in accordance with and approved by the Institutional Ethical Committee on Animal Experimentation of the School of Medicine of Ribeirão Preto/University of São Paulo (no. 092/2006).
Measurement of [Ca 2ϩ ]i. Freshly isolated Leydig cells were dye loaded by incubation with 5 M fluo-3 AM (Invitrogen, Carlsbad, CA) and 0.02% Pluronic F-127 (Invitrogen) added to the extracellular solution for 30 -45 min at room temperature in the dark. Fluo-3 AM and Pluronic were dissolved in DMSO before dilution (final concentration of DMSO in extracellular solution ϭ 0.005%). The extracellular solution contained (in mM) 134 NaCl, 5 KCl, 2 CaCl 2, 1 MgCl2, 6 sodium lactate, and 10 HEPES. The pH was adjusted to 7.3 with NaOH, and osmolality was 298 Ϯ 1.98 (n ϭ 10) mosmol/kgH2O. Dye-loaded cells were excited at 488 nm (argon laser), and the emitted fluorescence was collected at wavelengths Ͼ505 nm. Fluorescence experiments were performed on a SP5 laser scanning confocal microscope (Leica Microsystems, Bensheim, Germany). Images were acquired with SPCM data acquisition software (version 2.0.0, Leica Microsystems) and recorded on a microcomputer hard disk. The rate of frame acquisition is indicated in Figs. 1, 2 , 5, and 6. Off-line analysis of the images was done with ImageJ software (W. S. Rasband, National Institutes of Health, Bethesda, MD; http://rsb.info. nih.gov/ij/). Fluorescence signals are plotted as ⌬F/F 0, where ⌬F ϭ F Ϫ F0 denotes the measured fluorescence (F) minus the initial level of fluorescence (F0).
The control and test solutions (varying the pharmacological agents) were carefully applied by using multiple barrels to a single-output glass capillary (200 m in diameter) manifold placed as close as possible to the cells to be tested. It should be noted that the flow regime, 150 l/min, was maintained throughout the experiment. Immunofluorescence. Isolated Leydig cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min, permeabilized with 0.5% Triton X-100, washed three times in PBS for 5 min, and blocked in PBS containing 5% bovine serum albumin, 5% goat serum, and 0.5% Triton X-100 for 1 h in a humidified chamber in the dark. After the blocking steps the cells were incubated with the IP 3R or RyR antibodies for 2 h.
The dilutions were 1:25 for IP3RI, IP3RII, and IP3RIII, 1:50 for the primary non-isoform-specific RyR antibody, and 1:200 for the specific antibody to RyRI, RyRII, and RyRIII. The cells were then rinsed three times with PBS for 5 min before incubation with secondary antibody. The secondary antibody was coupled to FITC (dilution 1:800) for the immunocytochemistry of RyRs and Alexa 488 (1:800) for the IP 3Rs. Calreticulin antibody and Alexa 594 were used to label the ER. For visualization the cells were mounted on glass slides with Prolong antifade reagent with DAPI (Invitrogen). Fluorescence signals were observed with a Leica SP5 confocal microscope. Double-stained images were obtained by sequential scanning of each channel to eliminate cross talk between chromophores and to ensure a reliable quantification of colocalization. Colocalization was analyzed with the Mander's coefficient tool available in ImageJ. The whole image field was used to obtain the Mander's overlap coefficient and the split Mander's colocalization coefficient for channel 1 and channel 2 (M1 and M2, respectively). These split coefficients give us information on how well the channels overlap each other, i.e., the percentage of red dye molecules that share their location with the green dye molecules (see http://www.uhnresearch.ca/facilities/wcif/imagej/colour_analysis. htm).
Measurement of testosterone secretion. Each preparation of Leydig cells was obtained by an enzymatic treatment of the testicular tissues obtained from 20 mice. The testes were incubated in 40 ml of Hanks' solution containing 0.1% bovine serum albumin and 0.5 mg/ml collagenase (type II; Worthington Biochemical, Lakewood, NJ) for 10 min. After that the preparation was submitted to an osmotic shock in order to remove red blood cells according to procedures described by Antonio et al. (2) . After this procedure, cells were resuspended in medium containing a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F-12 medium with 2.5 mM L-glutamine, 0.5 mM sodium pyruvate, 14 mM sodium bicarbonate, 15 mM HEPES, 5% horse serum, and 2.5% fetal bovine serum. The Ca 2ϩ concentration was 2 mM.
Four independent experiments were done for the measurement of testosterone secretion. In each experiment cells were split into a total of 12 bottles, 3 for each treatment. The total number of cells was measured by counting aliquots in a Neubauer chamber. All culture bottles were maintained at 37°C in a humidified atmosphere of 95% air-5% CO 2 during the whole experiment.
Testosterone was determined in the bathing media of the cells submitted to the different treatments: control, LH, ryanodine, ryanodine ϩ LH, 2-aminoethoxydiphenyl borate (2-APB), and 2-APB ϩ LH. Drugs were present in the bathing media for the entire duration of the experiment. Samples (50 l) of the bathing solution were first collected at time zero and then after every 40 min in the presence of a particular treatment. The volume collected from each culture bottle was replaced by a corresponding volume and the dilution factor taken Values are means Ϯ SE. For 100 ng/ml luteinizing hormone (LH) a total of 18 cells were used to measure the time to peak and peak amplitude and only 8 cells to measure the half-duration. The recordings were made on 3 different preparations. F, measured fluorescence; F0, initial fluorescence. *Statistically significant difference in relation to the values at 100 and 200 ng/ml LH. Time to peak and half-duration are defined in Fig. 1. under consideration in the final calculations of concentrations. The collected samples were stored at Ϫ20°C until testosterone was determined by radioimmunoassay (RIA) with a kit from Diagnostic Systems Laboratories (DSL-4100; Webster, TX), following the manufacturer-suggested protocol. The background testosterone concentration measured at time 0 was subtracted from all points in order to discard the initial testosterone present in the preparation. Results presented are from four independent experiments.
Reagents. 2-APB, xestospongin C, caffeine, and all salts were purchased from Sigma Chemical (St. Louis, MO). Fluo-3 was obtained from Invitrogen. Ryanodine was obtained from Alomone Labs (Jerusalem, Israel).
Antibodies. The antibodies to IP 3R (type I, II, and III) were kindly provided to us by Dr. Maria de Fátima Leite (Federal University of Minas Gerais, Belo Horizonte, MG, Brazil). The specificity of the antibodies to each receptor isoform has been previously characterized by others (17) (18) (19) 35) .
The antibody against RyR (C-18; catalog no. SC-8169) as well as the secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies to each specific isoform of RyR [AB9078 (type I), AB9080 (type II), and AB9082 (type III)] were obtained from Millipore (Billerica, MA).
Statistics. Where pertinent, data are presented as means Ϯ SE. Statistical significance of differences between values was determined by the Mann-Whitney test with R software (http://www.r-project.org), with P values corrected by a simple Bonferroni correction (P Ͻ 0.017). Figure 1 shows the changes in [Ca 2ϩ ] i of Leydig cells in response to the treatment with LH at different concentrations (100, 200, and 1,000 ng/ml; Fig. 1, A, B , and C, respectively). As can be observed, the responses are always transient, but the shape and the overall duration are notably dependent on the LH concentration. Higher concentrations of LH (1 g/ml, Fig. 1C ) induced faster intracellular Ca 2ϩ transients, with an average time to peak of 54.5 Ϯ 2.9 s and half-duration of 163.2 Ϯ 16.3 s (n ϭ 107 cells) ( Table 1; see Fig. 1 for definition of half-duration and time to peak). In another group of 27 cells, 1 g/ml LH led to oscillations in [Ca 2ϩ ] i (Fig. 1D ). These cells were not considered when we analyzed the data at 1 g/ml. Concentrations as small as 100 ng/ml were also able to produce a substantial Ca 2ϩ increase, although with a slower kinetics. In this case, the time to peak of the transient was 135.1 Ϯ 11.5 s (n ϭ 18 cells) with a half-duration of 181.6 Ϯ 27 s (n ϭ 8 cells) (Table 1 ). In general, the amplitude of the Ca 2ϩ response is smaller and slower with lower LH concentration.
RESULTS

[Ca 2ϩ ] i changes in response to LH.
To test whether a Ca 2ϩ influx is necessary for the LHtriggered [Ca 2ϩ ] i changes, we removed Ca 2ϩ from the extracellular solution. As shown in Fig. 2A , in the absence of Ca 2ϩ there is only a minor increment in fluorescence with time and the typical [Ca 2ϩ ] i transients in response to the application of LH (1 g/ml) are not seen. However, the transients are immediately restored after reintroduction of external Ca 2ϩ while still in the presence of LH. This fact is consistent with our previous results concerning the effect of cAMP (13) (Fig. 2B) . Figure 2C shows the results of control experiments in which the cells were exposed to Ni 2ϩ and LH for a long time (Ͼ10 min) and no transients in [Ca 2ϩ ] i were seen. Ca 2ϩ release from internal stores. Immunofluorescence experiments were done in order to reveal the presence and distribution of both RyRs and IP 3 Rs. Figure 3A shows the distribution of RyRs by using an antibody that recognizes all three isoforms. The image in red (Fig. 3B) shows the labeling of the ER by using calreticulin. It is clearly seen that RyRs are localized in the ER, close to the plasma membrane and extending into the cytoplasm. The colocalization of these receptors and the ER is confirmed by a Mander's overlap coefficient of 0.77 Ϯ 0.02 and M1 ϭ 0.91 Ϯ 0.04 and M2 ϭ 0.85 Ϯ 0.01, respectively [considering the RyR label as channel 1 (M1) and the ER label as channel 2 (M2)] (n ϭ 7). The receptors are more densely located close to the plasma membrane, as shown in Fig. 3D and by the intensity profile plot in Fig. 3E . Moreover, by using subtype-specific antibodies we can see that the different isoforms have specific distribution patterns as shown in Fig. 3, F-H . In addition, the intensity profile plots in Fig. 3 , F1-H1, show that RyRI is found close to the plasma membrane, RyRII is widely distributed all over the cell, and RyRIII is present both near the plasma membrane and also in dispersed clusters. Negative controls for Fig. 3 , F-H, were done in the absence of the primary antibody, and no fluorescence signal was detected (results not shown). Figure 4 displays the localization of the IP 3 R isoforms, namely IP 3 RI (Fig. 4A) , IP 3 RII (Fig. 4B) , and IP 3 RIII (Fig.  4C) , with the cell nucleus stained in blue with DAPI. There are pronounced differences in the labeling patterns of the three types of receptors. Mander's colocalization coefficients for IP 3 RI, IP 3 RII, and IP 3 RIII and the nucleus are 0.42 Ϯ 0.02, 0.27 Ϯ 0.05, and 0.925 Ϯ 0.007 (n ϭ 4), respectively. This colocalization analysis was done by using a region of interest around the nucleus. These results show that IP 3 RI are distributed throughout the cytoplasm in a clusterlike pattern, IP 3 RII are mostly restricted to the plasma membrane, and IP 3 RIII are homogeneously distributed throughout the cytoplasm. These results are confirmed by the line intensity plots shown in Fig.  4 , A1, B1, and C1, respectively. In addition to these details, we have here a clear demonstration that both RyRs and IP 3 Rs are expressed in Leydig cells and could participate in the [Ca 2ϩ ] i increase induced by LH.
To characterize the contribution and functionality of RyRs in mediating Ca 2ϩ release from the ER, Leydig cells were exposed to 5 mM caffeine in the presence of 2 mM external Ca 2ϩ (Fig. 5A) . The concentration of caffeine used in our experiments is well above the reported EC 50 with values ranging from 1 to 2.8 mM in skeletal muscle (22, 29) . This was done (Fig. 5A , bottom trace). Another set of experiments was designed to test the participation of IP 3 Rs in the process of Ca 2ϩ release from internal stores. As with caffeine, the concentrations of IP 3 used in our experiments were well above the reported EC 50 for IP 3 , below 1 M with maximum effect at 10 M, as measured in parotid acinar cells (6) . Figure 5B shows that when permeabilized Leydig cells were exposed to 18 M D-myo-IP 3 Under this condition, 1 g/ml LH was unable to produce any change in [Ca 2ϩ ] i (Fig. 6A) . Removal of ryanodine from the bathing solution, but still in the presence of LH, restored the calcium transients, although in an oscillatory manner. Figure 6 , B and C, show results of a similar experiment to test the contribution of the IP 3 Rs. As can be observed, LH induced a calcium transient even in the presence of 220 M xestospongin C or 100 M 2-APB, cell-permeant inhibitors of IP 3 Rs. The average fluorescence peak values for each treatment were 1.93 Ϯ 0.12 for LH, 1.09 Ϯ 0.12 for LH ϩ xestospongin C, and 0.93 Ϯ 0.09 for LH ϩ 2-APB. The differences between the peaks for LH alone and those in the presence of xestospongin C (P Ͻ 0.0001) or 2-APB (P Ͻ 0.0009) were statistically significant. The average amplitudes for xestospongin C and 2-APB were not statistically different (P ϭ 0.3443). Thus these results clearly demonstrate that the mechanism by which LH induces Ca 2ϩ release from the ER involves both receptors, but a primary activation of the RyR is a requirement for the global [Ca 2ϩ ] i transient induced by LH. To investigate whether RyRs affect testosterone production induced by LH, we measured testosterone secretion in isolated cells by RIA. Figure 7A shows testosterone production as a function of time in four different conditions: 1) control, where cells were bathed by medium alone, 2) in the presence of 1 g/ml LH, 3) with 100 M ryanodine, and 4) with 100 M of ryanodine plus 1 g/ml LH. As can be observed, LH leads to a gradual increase in testosterone concentration in the bath. Cells in the control condition or in the presence of ryanodine alone showed no substantial production of testosterone. In cells incubated with both LH and ryanodine the testosterone secretion was considerably decreased. On the other hand, blockage of IP 3 Rs with 2-APB did not prevent the enhancement of testosterone secretion induced by LH, as shown in Fig. 7B . Interestingly, in the presence of 2-APB the testosterone secretion is somewhat higher than in the presence of testosterone alone. This issue deserves further investigation related to the actual role played by IP 3 R activation in the mechanisms responsible for testosterone production.
Taken together, our results suggest that by increasing [Ca 2ϩ ] i RyRs exert a major role in determining testosterone secretion.
DISCUSSION
In this work it is shown that mouse Leydig cells have a calcium-induced calcium release (CICR) mechanism based on the interplay between RyRs and IP 3 Rs, which is activated upon stimulation of the cell by LH. Previous evidence from our laboratory (13) indicates that this process is initiated by calcium entry via T-type calcium channels (Ca V 3) located in the plasma membrane. T-type calcium channels have been found to be crucial for calcium influx and for the hormone-mediated secretion process in other steroidogenic cells (10) . Results presented here indicate that RyRs are the main players mediating the Ca 2ϩ release from intracellular stores in response to the influx of Ca 2ϩ through Ca V 3 channels. This mechanism is supported by several types of evidence, namely, 1) the require- (Figs. 5 and 6 ). Moreover, our results also indicate that RyRs are essential for the response to LH and may serve as the trigger in the process, because even in the presence of 2-APB or xestospongin C, the hormone is still able to induce changes in [Ca 2ϩ ] i (see Fig. 6, B and C) . This finding is particularly challenging in view of other reports suggesting that Ca 2ϩ homeostasis in steroidogenic cells is controlled mainly by IP 3 Rs, not RyRs (4, 27) . However, the interplay between IP 3 Rs and RyRs in determining the calcium dynamics in several cell types has been the subject of recent papers (23, 26) . It is interesting to note that the IP 3 R subtypes are differentially distributed in the cytoplasm and that each subtype has distinct biophysical properties (25, 35) . We speculate that IP 3 . Functional RyRs are crucial to testosterone production stimulated by LH. A: cells were incubated in bathing medium only (control) or submitted to 3 different treatments: 1) stimulated with 1 g/ml LH, 2) stimulated with 1 g/ml LH ϩ 100 M ryanodine, and 3) treated with 100 M ryanodine alone. As expected, a substantial increase in testosterone concentration in the bathing solution is observed in the group stimulated by LH. When ryanodine is present the effect of LH is impaired, leading to a much smaller secretion of testosterone. B shows the same type of experiment but one in which the cells had their IP3Rs blocked by 100 M 2-APB. The different experimental conditions are 1) stimulated with 1 g/ml LH, 2) stimulated with 1 g/ml LH in the presence of 100 M 2-APB, 3) treated with 100 M 2-APB alone, and 4) without any treatment (control). 2-APB does not impair testosterone secretion induced by LH. In both A and B each experimental point is the average Ϯ SE of data obtained from 4 independent experiments. increase in Leydig cells. However, the role played by these receptors in the overall calcium homeostasis still remains an interesting open question.
The [Ca 2ϩ ] i transients induced by LH are dependent on the concentration of the hormone. Clearly, the onset of the transient is accelerated as the concentration of LH is increased. This may be due to an increase in the number of Ca V 3 channels activated upon application of LH, with the subsequent recruitment of a larger number of RyRs. In fact, an increase in the number of active RyRs is known to reduce the time to peak of calcium sparks and transients in cardiac cells (16) .
At the highest concentration employed in this study (1 g/ml) LH can induce oscillations in [Ca 2ϩ ] i . Ca 2ϩ oscillations are also observed if ryanodine is applied and then removed while still in the presence of the hormone. Oscillations may arise as a consequence of the kinetic properties of IP 3 Rs (31) or actually the interaction of these and the RyRs. Although the importance of Ca 2ϩ oscillations in cell physiology is still a matter of controversy, it has been suggested that they may be important for gene transcription (8) .
The physiological importance of the CICR mechanism present in Leydig cells can be clearly appreciated from the results in Fig. 7 . As expected, exposing the cells to LH greatly enhances testosterone secretion compared with untreated cells. The new finding is that ryanodine impaired the effect of LH and the consequent secretion of testosterone, while blockage of IP 3 Rs with 2-APB did not impair the effect of LH on testosterone production. In fact, the secretion of testosterone was somewhat larger in the presence of 2-APB.
Although we show here that calcium release from internal stores is an important mechanism leading to secretion of testosterone, it should be emphasized that cAMP has been shown to be a primary mediator in this process (14, 15) . It acts by stimulating PKA, which is essential for the expression of steroidogenic acute regulatory (StAR) protein (33) and also important in the modulation of intracellular calcium, as already suggested by Cooke (11) and more recently shown by results from our laboratory (Ref. 13 and unpublished data).
As a final remark, the results presented here contrast with previous views concerning calcium handling in Leydig cells, which consider IP 3 Rs as the major mediators of the LHinduced intracellular Ca 2ϩ increase. On the contrary, our findings clearly place RyRs in the center of the physiological process responsible for the synthesis and secretion of testosterone. In fact, from a mechanistic point of view the interplay between RyRs and IP 3 Rs is an expected finding in cells using calcium as an intracellular signaling agent.
